An investigation of a shot peening induced residual stress field in an aluminium alloy plate is performed both experimentally, as well as by developing a numerical simulation model capable of predicting the residual stress profile. Shot peening induced residual stresses are measured by the hole drilling technique. Experimental results provide through-the-thickness residual stress profiles of shot peening treated AA7449-T7651 plates under different shot intensities. Experimentally measured residual stresses are compared to the respective residual stress distributions computed by the finite element model for verification and validation purposes. The numerical model comprises a single steel shot impacting on the aluminium target plate. The steel shot is considered as elastic deformable body, while the target aluminium plate material is considered elastic-plastic with strain hardening. After its successful validation, the numerical model is applied to the parametric study of the effect of shot velocity and shot size on the induced residual stress profile.
Introduction
Shot peening is a cold working process that involves the impact of the workpiece surface with spherical, usually steel shots of diameter ranging from 0.2 to 2.4 mm. The impact of each single shot produces a plastic indentation to the surface of the treated material. During the dynamic-impact loading, a three dimensional stress field is created directly under the shot, as well as in the shot vicinity. When the shot rebounds and starts moving away from the plate surface the material tries to put itself back into equilibrium. By recovering the elastic strain at the indentation area an amount of the induced stress relaxes, while the rest is redistributed; the remaining stresses which are trapped in the volume below and around the indentation form a compressive residual stress field at the subsurface of the material, which tends to vanish in the lower plate volumes. The compressive residual stresses formed in the subsurface of the material are beneficial when the fatigue performance of the component is considered for tensile loading [C.A. Rodopoulos, S.A. Curtis, 2004] . However, it is important to mention that detrimental effects could occur, in terms of fatigue performance when small cracks are formed by "over peening" a component or by choosing inappropriate peening parameters for a given component material. Furthermore, the indents of the shots lead to a certain surface roughness that might lead to local stress intensification and thereby reduce the fatigue performance of the component due to premature crack initiation and propagation. Nevertheless, shot peening may be used as a post-machining correction process for flat components with pre-existing distortions arising from various forming or machining processes, such as rolling, milling, cutting etc. by exploiting those distortions caused by the shot peening residual stress profile.
Finite element simulation of the shot peening process has been used so far to predict the residual stress field mainly of steel material plates and to understand both simulation and process parameters that affect the generated residual stress profiles, e.g. [S.A. Meguid, G. Shagal, 1999 , 2002 . Most of the researchers are simulating the shot peening process on a finite material volume which is symmetrically constrained at the edges and fully constrained at the bottom and assume that the spherical shot has a rigid behaviour e.g. [Meo, Vignjevic, 2003] . Klemenz et al (2006) has developed a multiple-shot finite element model, in which 19 rigid shots are impacting a finite area of the model. The target material is modelled with a combination isotropic-kinematic visco-plastic material model and is constrained by the so-called 'half-infinite elements' that provide proper boundary conditions, keeping away of the area of interest any reflected dilatational or shear waves [M. Klemenz, V.Schulze, 2006] . In the present work, a three-dimensional finite element model is developed, based on the modelling of the entire target plate and the introduction of the real plate boundary conditions, in order to allow for the simultaneous calculation of both residual stress and plate distortions, which is necessary in the application of the shot peening residual stresses for distortion management. Furthermore, the present study refers to aluminium alloy target plates modelled as elastic-plastic media with strain hardening, while the impacting spherical shots are assumed to behave elastically. The experimental work involves the shot peening of AA7449-T7651 specimens with different shot peening process parameters and the measurement of the residual stress with the hole drilling technique. The experimental residual stress results are used as a benchmark for the three dimensional finite element model. Finally, a parametric analysis is performed to study the effect of the shot velocity and shot size on the residual stress profile.
Finite element modelling
The three-dimensional FE model is developed in ANSYS code and comprises of a spherical shot with diameter d shot , impacting the target aluminium plate. The plate length and width is 75mm and 71mm, respectively, while its thickness is 5mm. The entire plate model is discretized with eight-node 'Solid45' brick element, with a very fine mesh at the area of the shot impact and relatively coarse mesh at the rest of the plate volume, as shown in the detail of Figure 1 . A transition zone was created between the fine and coarse mesh areas aiming to obtain accurate stress data at a relatively long distance away from central impact point. The target plate is meshed with a total number of 43008 elements. The modelling of the full plate geometry enables representation of the realistic boundary conditions of the plate as apply during the shot peening treatment, as well as the simultaneous calculation of both residual stress field and the plate final distortion, which is not possible if an axi-symmetric or a quarter-plate symmetric model is used. Thus, the only structural boundary conditions currently applied to the full plate model comprise a very local vertical constraint of the bottom plate surface. Target material is an AA7449-T7651 high strength aluminium alloy which is assumed to have elastic-plastic behaviour with kinematic hardening. Kinematic hardening option enables representation of the Bauschinger effect that the specific aluminium alloy undergoes during loading and unloading phases. The quasi-static material properties used for the target material are: elastic modulus equal to 70 GPa, yield stress 519 MPa and ultimate tensile strength 600 MPa. The experimentally derived stress -strain behaviour of the material is shown in Figure  2 . The Poisson ratio is 0.33 and its density (ρ plate ) 2700 kg/m 3 . Three options are available for modelling the material behaviour of the shot, i.e. rigid, elastic and elastic-plastic. The rigid behaviour was not selected, because too much of the impact energy would be introduced in the target plate and thus the residual stresses field would be higher than the real ones. Between the elastic and the elastic-plastic options, the elastic option was selected as the shot absorbs part of the impact energy and its elastically deformed shape leads to a realistic dent shape. The elastic-plastic option is rejected, as it increases computing time considerably, while not being required for the currently investigated shot-target pair, i.e. steel to aluminium. The elastic modulus for the steel shot is 200 GPa with a Poisson ratio of 0.3 and density (ρ shot ) of 7800 kg/m 3 . In order to restrict the number of elements to a reasonable size, the shot surface and subsurface were fine meshed with eight-node 'Solid45' brick elements, while the inner shot volume was meshed with four-node tetrahedral 'Solid45' elements, as shown in Figure 3 . The total element number used for the shot mesh is 13306. Impact loading is introduced via an initial velocity v shot applied to all shot nodes. Gravity is also taken into account by applying gravitational acceleration of 9.81 m/s 2 to the finite element model.
For the dynamic simulation of the impact, contact and target elements are used between the shot and the fine mesh area of the plate to represent the shot-plate physical contact. The numerical contact is realized by introducing 801 three-dimensional node-to-surface Contact175 elements at the lower hemisphere of the shot and 256 four-node quadrilateral Target170 elements to the fine mesh area of the plate, as shown in Figure 4 . Friction is also introduced between to the shot and plate, as there are significant differences with respect to the residual stresses between a frictionless impact and an impact with friction. However, the variation of the residual stresses and plastic strains is negligible for a friction coefficient ranging between 0.1 and 0.5 [Meo, Vignjevic, 2003] ; therefore the friction coefficient (μ) currently applied is equal to 0.225. A significant parameter for the simulation of the shot peening process is the material damping; it is required in order to avoid unrealistic long post-impact oscillations and eliminate any numerical instabilities of the finite element solution. Damping is introduced to the finite element model in the form of Rayleigh formulation, which uses the mass matrix The Newton-Raphson algorithm is utilized for solving the non-linear equation system and the Newmark integration scheme is applied for the numerical integration in the time domain, while, the augmented Lagrangian method, which uses a contact spring with specified stiffness to establish a relationship between the two contact surfaces is applied for the contact problem solution.
Experimental study and model validation
The experimental work comprises shot peening treatment of specimens with dimensions 75mm by 71mm and thickness 5mm. Shot peening is performed by using spherical steel shots with average diameters 0.6 and 0.4 mm (Type: S230 and S170). The shots are accelerated by compressed air with three different pressures of 2, 3 and 5 bar leading to different Almen intensities. After the shot peening, the residual stresses were measured by the hole drilling method, which is a semi destructive method, based on a strain gauge rosette measuring the relieved strains after drilling step-wise a certain diameter hole into the workpiece. The average tool diameter used for the hole drilling measurements is 0.986mm. In order to compare the computed finite element results with the respective experimental results, it is necessary to consider the area over which the measured stresses are averaged by the chosen experimental process [M. Klemenz, V.Schulze, 2006] . Therefore, the computed results are averaged for nodes along a path equal to the hole drilling tool radius as the stress field is symmetrical with respect to the centre of the shot. In Figure 5a and 5b, the measured residual stresses are compared to the numerical averaged in-plane residual stress results as function of the plate depth for the high and low Almen intensity. Averaging the numerical results over the tool radius reveals a very good estimation of the measured residual stress profile. As the pressure applied to the shots could not be directly linked to the velocity, probable values are assumed for the modelling. But the velocity scales with the pressure. As visible in Figure 5a and 5b a shot velocity between 20 and 30 m/s fits well for the low Almen intensity, and for the high intensity the results suggest a velocity of about 60 m/s. The in-plane residual stress profiles for shot velocity of 60 m/s are plotted in Figure 7 ; it can be observed that the stresses are fading out as the distance from the plate centre (path A) is increasing. The maximum compressive stress is presented directly below the centre of the dent (path A) [M. Klemenz, V.Schulze, 2006] . The in-plane residual stresses in path A are plotted in Figure 8 , as obtained from the shot velocity parametric study. The shot diameter used to conduct the velocity parametric analysis is 0.6 mm. It can be seen from the plot in Figure 8 , that for increasing shot velocity, there is a general tendency for increasing maximum residual stress value, although in the range of shot velocities between 20 and 80 m/s there is no significant change of the computed maximum stress value. However, the shot velocity seems to influence significantly the width (W) and the depth (X d ) of the residual stress curve; width (W) is defined as the through-the-thickness distance at which and compressive residual stress turns into tensile, while the depth (X d ) is the distance from the surface at which peak residual stress occurs. It can be observed from Figure 8 , that the depth (X d ) is increasing with increasing shot velocity. However, the residual stress profile for the velocity of 100 m/s, indicates the depth (X d ) seems to have reached the maximum value of 145μm. It can also be observed from Figure 8 , that the width W increases with increasing shot velocity. Also, it is observed that for very low impact velocities up to 20 m/s, the stress at the surface are compressive, while when the velocity and the dynamic energy is increasing, the stress values are tensile. This behaviour may be explained by the fact that the surface residual stress is tensile at the centre of indentation for dynamic impacts, while they are compressive in the case of a static compression [M. Kobayashi, T. Matsui, 1998 ]. The in-plane residual stresses obtained from the shot size parametric study, for path A, are plotted in Figure 9 . The shot velocity used to conduct the shot diameter parametric analysis is equal to 60 m/s. The results show that although the maximum stress value is not affected significantly by the shot size, the depth X d and width W are increasing with increasing shot diameter. The shot size parametric investigation has shown that X d increases with increasing shot size; as an example for the case of impact velocity 60 m/s; when the shot diameter is 0.6 mm X d is 0.145 mm, while for shot diameter 1.0 mm X d reaches the value of 0.2 mm. A three-dimensional finite element model of an elastic plastic aluminium plate and an elastic steel shot was developed in order to simulate shot peening and examine the effect of shot velocity and shot size on the induced through-the-thickness residual stresses. Modelling of the entire plate geometry is selected in order to avoid influence of the calculated residual stress profile by the boundary conditions. Results from the experimental determination of residual stress profiles using the hole drilling technique were used to successfully validate the numerical model. The single shot model was used to examine the effect of shot velocity and shot size on the induced residual stress profile. A parametric study illustrated that the peak residual stress value is affected by both the velocity and shot size to some extent. The main parameters that the shot velocity and size have significant influence on are X d and W.
The current model can be extended in the study of multi-shot impact, in order to assess the effect of shot peening coverage on the induced residual stress profiles and consequently to a global distortion prediction finite element model.
